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Recently ALICE Collaboration reported enhancement of yield ratio of multi-strange hadrons to
charged pions as a function of multiplicity at mid-rapidity in proton–proton (p+p), proton–lead
(p+Pb) and lead–lead (Pb+Pb) collisions at the LHC. Motivated by these results, we have developed
the dynamical core–corona initialization framework which enables us to describe p+p and p+Pb col-
lisions as well as Pb+Pb, and we investigate whether the quark gluon plasma (QGP) is created in
small colliding systems by analyzing various hadron yields and their ratios systematically. We find
that our results reproduce tendencies of the ALICE data especially for multi-strange hadrons. These
results indicate that the QGP is partly formed in high multiplicity events in small colliding systems.
KEYWORDS: Quark gluon plasma, Relativistic heavy-ion collisions, Small colliding systems,
Core–corona picture, Strangeness enhancement
1. Introduction
High energy heavy-ion collision experiments are performed at the Relativistic Heavy Ion Col-
lider (RHIC) in Brookhaven National Laboratory and the Large Hadron Collider (LHC) in CERN to
understand properties of the quark gluon plasma (QGP). It is known that various experimental data
are described by relativistic hydrodynamics, which indicates that the QGP behaves nearly like a per-
fect fluid. Conventionally, it has been assumed that the QGP is generated only in heavy-ion collisions
and that small systems such as proton-proton or proton–nucleus collisions provide references for ex-
tracting medium effects in heavy-ion collisions. Recently, ALICE Collaboration obtained surprising
results which indicate, however, the QGP formation in small colliding systems [1]. They measured
yield ratios of multi-strange hadrons to charged pions as functions of multiplicity at mid-rapidity and
the results exhibit rapid increase with multiplicity in proton–proton (p+p) collisions. Moreover, the
ratios do not seem to depend on the system size or collision energies. One of the possible description
to interpret this result is the core–corona picture [2–6]. The core–corona picture is a two-component
description which is described by chemically equilibrated matter and unscathed partons. In this study
we introduce the core–corona picture into the dynamical initialization model which was proposed in
Ref. [7]. Under the core–corona picture, initially produced partons tend to become fluids in dense
region in which a lot of interactions among partons are assumed to happen, while partons do not tend
to become fluids in dilute region in which few interactions occur. We introduce the above picture into
the fluidization rate in the dynamical initialization model [8] and analyze the multiplicity dependence
of particle yield ratios in various colliding systems.
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2. Model
Firstly, we mention our model flow briefly. In this framework the QGP fluids are generated from
partons produced initially just after the first contact of collisions. First we generate the initial par-
tons using a Monte Carlo event generator PYTHIA ver 8.230 [9, 10], with the hadronization option
switched off in order to define phase space distributions of the partons. Next we perform the dynami-
cal core–corona initialization to obtain the initial condition of the QGP fluids. After the initialization,
we solve ideal hydrodynamic equations with source terms in fully (3+1)-dimensional space as usual.
We start initialization of the QGP fluids from τ00 = 0.1 fm which is assumed to be formation time of
the partons and continue until τ0 = 0.6 fm which is initial time of the fluids. After the hydrodynamic
simulations, we calculate final hadron yields from the core and the corona separately. We obtain final
hadron yields from the core integrating the Cooper–Frye formula [11] at chemical freeze-out surface.
We consider the corrections of yields from resonance decays by multiplying factors estimated from a
statistical model [12]. On the other hand, we calculate final hadron yields from the corona perform-
ing string fragmentation using PYTHIA. Thus, the final hadron yield in this framework is the sum of
these two final yields from both the core and the corona.
The source term in the hydrodynamic equation can be defined as
Jµ(x) = −
∑
i
dpµi
dt
G(x − xi(t)), (1)
where pµi is the four momentum of the i th parton obtained from PYTHIA and the summation is taken
over all partons in the event. Here we employ the Gaussian function, G, for smearing energy and
momentum deposited at the position of the parton. To take account of the core–corona picture, we
parametrize the rate of energy and momentum deposition of the parton as
dpµi
dt
(t) = −a0 ρi(xi(t))pT,i2(t) p
µ
i (t), (2)
ρi(x) =
∑
j,i
G(x − x j(t)). (3)
Here, a0, ρi and pT,i are control parameter for magnitude, density of partons surrounding the i th par-
ton and transverse momentum. Under this formulation, partons in dense region are likely to become
fluids while those in dilute region tend to survive.
3. Results
Collision systems and energies in these simulations are p+p, p+Pb and Pb+Pb collisions at√
sNN = 7, 5.02 and 2.76 TeV, respectively, and Au+Au collisions at
√
sNN = 200 GeV. Figure 1
shows the particle yield ratio in those collision systems as a function of multiplicity from our frame-
work compared with the experimental data [1,13–18]. For (a) cascades (Ξ−+Ξ¯+), (b) lambdas (Λ+Λ¯)
and (c) phi mesons (φ), our results show good agreement with the experimental data. The ratios in-
crease up to 〈dNch/dη〉 ∼ 100 and saturate in high multiplicity events. In Fig. 1(a), we also plot
the yield ratios from string fragmentation and that from fluids as references. Since our result in low
multiplicity p+p events is almost identical with the one from string fragmentation, contribution from
string fragmentation turns out to be dominant. On the other hand, the yield ratio of full calculation
increases with multiplicity towards the one from fluids. This tendency implies that the contribution of
fluids becomes larger and dominant at high multiplicity events. Moreover, our result seems to behave
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just as a function of multiplicity, and are independent of their system size or collision energies. For
(d) proton (p + p¯) yield ratio, a deviation between our result and the experimental data is seen above
〈dNch/dη〉 ∼ 50. This would be because proton and anti-proton annihilation could happen in the late
hadronic rescattering stage. We leave consideration of this effect for the future work.
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Fig. 1. The particle yield ratio as a function of multiplicity in p+p (diamond), p+Pb (triangle) and Pb+Pb
(square) at LHC energies. Closed symbols are our results while open symbols are ALICE experimental data
[1,13–18]. Yield ratios of (a) cascades, (b) lambdas, (c) phi mesons and (d) protons to charged pions are shown.
Figure 2 shows the collision energy dependence of particle yield ratios in heavy-ion collisions.
The yield ratios in Au+Au collisions scale with multiplicity as the ones in Pb+Pb collisions do, which
demonstrates collision energy independence in yield ratios within this collision energy range.
4. Summary
In this study we introduce the core–corona picture into the dynamical initialization model and
simulate high-energy nuclear collisions from small to large colliding systems. The picture changes
continuously from unscathed partons to QGP fluids with increasing multiplicity. Our results show
reasonable agreement with the ALICE experimental data in the yield ratios of cascades, lambdas
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Fig. 2. Collision energy dependence of particle yield ratios as functions of multiplicity. The comparison
between results in Pb+Pb collisions at the LHC energy and the ones in Au+Au collisions at the RHIC energy
and phi mesons to charged pions. These results demonstrate that there is no system size or collision
energy dependences and that the ratio scales solely with multiplicity. This result provides the strong
indication of partial QGP generation in high multiplicity small colliding systems.
References
[1] J. Adam et al. (ALICE): Nature Phys., 13, 535 (2017).
[2] P. Bozek: Acta Phys. Polon., B36, 3071 (2005).
[3] K. Werner: Phys. Rev. Lett., 98, 152301 (2007).
[4] F. Becattini and J. Manninen: Phys. Lett., B673, 19 (2009).
[5] J. Aichelin and K. Werner: Phys. Rev., C81, 029902 (2010).
[6] T. Pierog, Iu. Karpenko, J. M. Katzy, E. Yatsenko and K. Werner: Phys. Rev., C92(3), 034906 (2015).
[7] M. Okai, K. Kawaguchi, Y. Tachibana and T. Hirano: Phys. Rev., C95(5), 054914 (2017).
[8] Y. Kanakubo, M. Okai, Y. Tachibana and T. Hirano: PTEP, 2018 no.12, 121D01 (2018).
[9] T. Sjostrand, S. Mrenna and P. Z. Skands: Comput. Phys. Commun., 178, 852 (2008).
[10] C. Bierlich, G. Gustafson and L. Lonnblad: JHEP, 10, 139 (2016).
[11] F. Cooper and G. Frye: Phys. Rev., D10, 186 (1974).
[12] A. Andronic et al.: Nature, 561, 321 (2018).
[13] B. Abelev et al. (ALICE): Phys. Lett., B734, 409 (2014).
[14] J. Adam et al. (ALICE): Phys. Lett., B758, 389 (2016).
[15] B. Abelev et al. (ALICE): Phys.Rev., C91, 024609 (2015).
[16] J. Adam et al. (ALICE): Eur.Phys.J, C76, 245 (2016).
[17] S. Acharya et al. (ALICE): arXiv:1807.11321.
[18] B. Abelev et al. (ALICE): Phys.Rev., C88, 044910 (2013).
4
